Optimum amplification in Surface Enhanced Raman Scattering (SERS) from individual nanoantennas is expected when the excitation is slightly blue-shifted with respect to the Localized Surface Plasmon Resonance (LSPR), so that the LSPR peak falls in the middle between the laser and the Stokes Raman emission. Recent experiments have shown when moving the excitation from the visible to the nearinfrared that this rule of thumb is no more valid. The excitation has to be red-shifted with respect to the LSPR peak, up to 80nm, to obtain highest SERS. Such discrepancy is usually attributed to a Near-Field (NF) to Far-Field (FF) spectral shift. Here we critically discuss this hypothesis for the case of gold nanocylinders. By combining multi-wavelength excitation SERS experiments with numerical calculations, we show that the red-shift of the excitation energy does not originate from a spectral shift between the extinction (FF) and the near-field distribution (NF), which is found to be not larger than 10nm. Rather, it can be accounted for by looking at the peculiar spectral dependence of the near-field intensity on the cylinders diameter, characterized by an initial increase, up to 180nm diameter, followed by a decrease and a pronounced skewness.
Introduction:
Surface Enhanced Raman Scattering (SERS) is a powerful technique to detect and characterize chemical [1] [2] [3] [4] [5] [6] [7] or biological [8] [9] [10] [11] [12] species. Due to the high enhancement factor that can be reached in SERS, it has already been demonstrated that molecules can be detected at very low concentrations paving the way to the single molecule sensitivity [13] [14] [15] [16] [17] [18] [19] . SERS exploits the optical properties of metallic nanostructures and their resonant interaction with light. It is mainly based on two mechanisms: (i) a chemical 20, 21 and (ii) an electromagnetic 22, 23 effect. The former results from substrate-adsorbate-photon interactions 24 . The enhancement factor from chemical effect is estimated to be of the order of 100 25, 26 . The second effect is due to the high enhancement of the electromagnetic field at the vicinity of the nanostructure surface. This Near-Field (NF) enhancement is directly related to the excitation of the Localized Surface Plasmon Resonance (LSPR), which is associated to the collective oscillation of the free electron cloud inside the nanostructure. The LSPR is associated to a high electromagnetic field close to the nanostructure.
The electromagnetic enhancement can reach up to 10 8 and is then considered as the predominant contribution 27, 28 . Such a giant amplification factor comes from a two-step process in which both the excitation and the Raman scattered light are enhanced 29, 32 .
The SERS intensity can be written 32 :
where µ S is the surface density of the molecules on the substrate, G a geometrical factor (See supplementary information), M(λ) the local field enhancement averaged over the substrate surface at the wavelength λ,
The close relation between the LSPR and the SERS intensity then depends strongly on the spectral features of the enhancement factor M(λ) [33] [34] [35] [36] [37] [38] [39] . It has been shown that it is necessary to finely tune the optical properties of the nanostructures in order to reach the highest enhancement factor. Optimization requires maximizing the product of the NF at the excitation and at the Raman band wavelengths (equation 1), which depend strongly on the nanoparticle shape 30, 35 and on the excitation wavelength 30, 37 .
Several studies claimed that the best enhancement factor is reached for a LSPR position at the midway between the λ LASER and λ Raman 29, 34, 36, 37 .
In former studies 38, 40 , it has been suggested that the deviation between the position of the LSPR given by equation 2 and the experimental results are due to spectral shift between the farfield (FF) resonance, i.e. the energy at which maximum extinction occurs, and a more subtle near-field (NF) resonance, i.e. the energy at which the enhanced field experienced by the molecules in the NF of the nanoantennas is maximum. In other words, does the LSPR peak measured in the FF correspond to the maximum of the NF? Many papers have debated on this subject theoretically and experimentally [40] [41] [42] [43] [44] [45] [46] [47] [48] . It has been shown that the NF is generally redshifted compare to the FF 40-46 and this spectral shift increases with the particle volume 44, 45 .
However, the cause of this redshift is still being investigated. Recent papers aimed to find phenomenological explanation. Zuloaga and co-workers 46 demonstrated that this effect comes from the losses by the nanoparticles in analogy with driven damped harmonic oscillator and then demonstrated the universality of this rule. This work was completed by Kats and co-worker 47 Recently Moreno et al. confirmed the universality of this NF to FF redshift in the case of small particles with a strong dipolar contribution 48 .
In this paper, we investigate the origin of the wavelength dependence of the SERS enhancement of gold nanocylinders (NCs) by combining extinction spectroscopy, SERS measurement of a probe molecule with multi-wavelength excitation and numerical simulation.
Experimental and Theoretical Methods
This study was performed with gold NCs produced by electron-beam lithography and lift-off 
Results and Discussion
The experimental and theoretical extinction spectra are plotted in figure 1a and 1b respectively. geometrical uncertainties of the nanostructures geometry and a surface roughness of few nm 54 .
The Full-Width at Half Maximum (FWHM) of the extinction bands are plotted on figure 1d.
They appeared constant over the range of particle diameter experimentally studied, meaning a constant damping of the nanoparticle resonance 31 . The Full Width at Half Maximum (FWHM) of the LSPR peaks in experiments are between 7 to 23% broader than those in simulations. First, the SEM images of the nanostructures showed that the sizes of the nanocylinders are very reproducible from one NC to the other ( Fig. 1 .a). The diameter distribution is then very sharp.
Second, the FWHM of the LSPR peaks is related to the imaginary part of the relative permittivity, which can show some significant changes from one deposit to the other 55 . The overestimation of the FWHM can then be attributed to the gold relative permittivity change.
The U-shape of the theoretical FWHM curve is similar to that reported by Shen et al 56 . The gold absorption is minimal in the 600-700 nm range 51 , which lead to a resonance sharper in this domain. In addition, as the volume of the NC increases the radiation damping rises and then the resonance peak widens. These two effects contribute to this typical U-shape.
To determine the SERS signal, a probe molecule: the trans-1,2-Bis(4-pyridyl)Ethylen (BPE) was deposited on the NCs. This compound has been extensively used for probing electromagnetic enhancement as the chemical contribution was proven negligible 57 .
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The Journal of Physical Chemistry 57, 58 . They can be attributed to the ring-breathing mode of pyridine, the C = C stretching mode, the aromatic ring stretching mode and the in-plane ring mode, respectively 58, 59 .
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To investigate quantitatively the origin of the red-shift, the spectral dependence of the nearfield distribution for each cylinder diameter was calculated by DDA as the square of the electric field averaged in a 2 nm thick layer around the nanoparticle. The results are plotted on figure 5b.
The NF to FF shift is shown on figure 5c (red diamonds). wavelengths, the HO model predicts shifts larger that the DDA calculations, but still smaller than 30nm. Indeed, the model proposed by Zuloaga and co-workers is dedicated to isolated particles small compared to the wavelength and then cannot be applied to larger NCs.
The shift between the optimal positions of the extinction band to the maximum SERS enhancement can reach 80 nm for larger particles and an excitation wavelength of 785 nm ( Figure 4) . Then, we believe that the discrepancy of the experimental data to the equation 2 does not come from a NF to FF spectral shift.
To get more insight on the origin of the discrepancy between the optimal LSPR and the values predicted by equation 2 let's compare the NF of the different NCs (figure 5b). We firstly observe that the NF plasmon bands have some asymmetric profile and positive skewness 61 . Furthermore, the NF intensity increases for diameters from 100 to 180 nm and then decreases for higher 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 diameter, whereas the FF extinction efficiency maximum keeps increasing in this range of particle sizes. The NF intensity gets maximum for an LSPR position around 650-700 nm. In this spectral range, the FWHM of the extinction bands are minimum (figure 1b). The quality factors of the corresponding resonators are then maximum, which lead to the highest near-field 56, 60 . The theoretical SERS intensity was calculated from equation 1 (supplementary data) for the four excitation wavelength. The results are plotted on figure 6 and superimposed to the experimental data. The theoretical points were fitted by a lorentzian as Shen and co-workers 56 .
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Conclusions:
This work characterized the FF and NF properties of gold NCs of diameters from 100 to 300 nm fabricated by electron-beam lithography. The FF properties were investigated by extinction spectroscopy while the NF by SERS measurements of a probe molecule adsorbed on the nanoparticles. DDA simulations were then performed to provide some phenomenological description.
This study aims to provide some explanations on the position of the optimal LSPR for SERS with regard to the laser line. A rule of thumb states that the best SERS enhancement is achieved when the LSPR is located at the midway between the laser and the Raman lines. However, this
does not apply to all the samples, in particular for large laser wavelength. This discrepancy was often assumed to come from a NF to FF spectral shift.
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